Turkish Journal of Chemistry h t t p : / / j o u r n a l s . t u b i t a k . g o v . t r / c h e m
Introduction
Chlorophyll, which gives color to green plants around us and helps transport oxygen in the blood of living things, as well as almost all of the polymers that make our life easier, are known as coordination compounds. In order to obtain the coordination compounds, metals, (usually transition metals) and different ligand molecules are required to form compounds with them. The transition metal atoms are the metal atoms having partially filled d (or f ) electron orbits, while the ligands are molecules or groups that bind with the transition metal atom. The main feature of all the coordination compounds is that the coordination bonds are formed between ligands and metal atoms or ions. While the ligands are known as electron pair donors, the metals are also known as electron acceptors. Many coordination compounds obtained by different transition metal atoms and different ligand molecules play a very important role in biochemistry, bioorganic chemistry, and bioinorganic chemistry.
1
Citric acid is a natural chemical substance and a weak organic tricarboxylic acid having the chemical formula C 6 H 8 O 7 (hereafter abbreviated as CitH 3 ) .
2 Although CitH 3 is an acidic substance, it plays a role in helping to lower the acidity levels of the body fluids of living beings by binding to alkali metal atoms. 3 CitH 3 is not a strong antioxidant, but it increases the activity of many useful antioxidants. 4, 5 As an antioxidant, * Correspondence: zeki.kartal@dpu.edu.tr
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CitH 3 can neutralize the damaging effects of free radicals, which are unstable compounds that trigger the growth of cancerous tumors. CitH 3 mixes easily with minerals and metals and facilitates their absorption in the bodies of living beings. 6 Certain metals or metal compounds have been used in the treatment of many diseases in human history. Some of these metal compounds are metal compounds of CitH 3 and citrate ion. 7 The citrate (C 6 H 5 O 3− 7 ) ion is a chemical compound that occurs when CitH 3 loses three hydrogen atoms (hereafter abbreviated as Cit). CitH 3 and Cit ions can have a wide variety of coordination compounds with metal atoms due to their structural flexibility and the possession of three carboxylic groups that can be electron-donating.
8
A wide variety of metal-citrate compounds and mixed ligand crystals have been previously obtained by different researchers in recent years.
9−18
The aim of this study is to obtain new coordination compounds using the CitH 3 ligand and some transition metal salts, which are of great importance for living beings. This study also aims to explain the structural properties of these coordination compounds obtained by various spectroscopic methods.
As a result, two crystalline compounds were obtained using CitH 3 , cobalt and cadmium metal salts,
] n (hereafter abbreviated as 2), respectively.
Results and discussion

Crystal structures of crystals 1 and 2
The X-ray single-crystal study showed that crystals 1 and 2 have 3D coordination polymers. The molecular structures of crystals 1 and 2, with the atom numbering schemes, are shown in Figures 1 and 2 . Details of data collection and crystal structure determinations are given in Table 1 . The selected bond lengths and angles and the hydrogen bonding parameters for crystals 1 and 2 are summarized in Tables 2 and  3 , respectively.
The asymmetric unit of crystal 1 contains one Co(II) ion, two potassium cations, and one Cit ion, while crystal 2 contains one Cd(II) ion, one potassium cation, one Cit ion, and two coordinated aqua ligands. In 
Symmetry codes: (v) -x + 1, -y + 1, -z + 1 for crystal 1; (i) -x + 2, y + 1/2, -z + 1; (ii) x + 1, y, z for crystal 2. 
Spectral characterization of crystals 1 and 2
The vibrational spectra (FT-IR and FT-Raman) of CitH 3 ( Figure 5a These absorption vibration bands were not affected by the formation of crystals 1 and 2 and remained almost constant. These vibration bands do not contribute to the formation of crystals 1 and 2.
The CitH 3 ligand molecules are converted into Cit ions by losing hydrogen atoms of three carboxyl groups in the reaction medium. Due to the C s symmetry point group that the Cit ion possesses, all its vibration modes are both IR-active and Raman-active. The molecular structure of the Cit ion is shown in Figure 6 . In the vibrational spectra of crystals 1 and 2, no ν (O-H) and δ (O-H) peaks are observed. This is due to the fact that the CitH 3 molecule loses three hydrogen atoms from its three carboxyl groups while returning to the Cit structure. In the Cit ion, there is only one hydroxyl group. The intensity of the vibration peak of this hydroxyl group is very weak compared to the intensity of the vibration peaks of the hydroxyl groups in the other three carboxyl groups of the free CitH 3 . Therefore, the intensity of these vibration peaks in the vibration spectra of crystals 1 and 2 is very weak compared to the intensity peaks of the free CitH 3 .
As can be seen in the There are peaks of several functional groups of the Cit ion in the IR and Raman spectra of crystals 1 and 2. Some of these peaks have shifted a small amount to the low frequency region or high frequency region relative to the free CitH 3 peaks due to the formation of the coordination compounds. These small frequency shifts are not very important. and Cd ions in a polydentate fashion (Figures 1 and 2 ).
The water molecules are found in the structure of crystal 2 as water of crystal. This situation can be seen clearly in its vibration spectra. In the IR and Raman spectra of crystal 1, there is no stretching vibration peak of water of crystal in the region 3600-3000 cm −1 , whereas in the IR and Raman spectra of crystal 2 there is a stretching vibration peak of the water of the crystal at 3371 cm −1 for IR and 3394 cm 
Thermal behavior of crystals 1 and 2
TG and DTG curves were obtained to study the thermal behavior of crystals 1 and 2. The thermal curves of crystals 1 and 2 are shown in Figures 7a and 7b . As shown in Figure 7a , crystal 1 without water of crystal in its structure is stable up to 165°C during heating. The first mass loss occurs when it is heated in the range of 165°C to 230°C and the complex begins to decompose. These decompositions occur in three steps with DTG maximum values of 223°C, 278°C, and 344°C. Above about 350°C, crystal 1 is completely decomposed.
As a result of the thermal decomposition, it was found that the metal oxides (CoO + KO) remaining in the experimental medium were present and the percentage value of the mixture of these metal oxides was 22% theoretically and 23.4% experimentally.
As shown in Figure 7b , crystal 2 was thermostable up to 86°C. The first mass loss happens between 86°C
and 130°C (DTG maxima 119°C) with mass loss of 9.23%, corresponding to the departure of two coordinated waters (the calculated value was 9.56%). Above 130°C, the anhydrous complex begins to decompose in five steps with DTG maximum values of 228°C, 284°C, 352°C, 368°C, and 406°C. Above 370°C, crystal 2 is completely decomposed. As a result of thermal decomposition for crystal 2, it was thought that the residual material in the high temperature test environment could be cadmium oxide and potassium (CdO + K). The percentage value of this remaining mixture was seen to be 44.44% theoretically and 39.4% experimentally. These theoretical and experimental results support the accuracy of our method. 
The magnetic moments and the temperature-dependent magnetization values of crystals 1 and 2
Since crystal 1 has only one high-spin Co 2+ (d 7 ) ion in an octahedral structure, the number of unpaired electrons for this crystal is three. There are no unpaired electrons for crystal 2 due to Cd
According to these results, the calculated values of the magnetic moments of crystals 1 and 2 are of 3.87 BM and 0.00 BM, respectively. The room temperature experimental magnetic moments values of crystal 1 measured by the Gouy method were found to be 3.84 BM.
Since only crystal 1 has a magnetic moment, its temperature-dependent magnetization value was investigated. Measurements of the magnetization value of crystal 1 were made in two separate stages, with magnetic field heating (field heated, FH) and magnetic field cooling (field cooled, FC). The graphs of the temperature dependence of the magnetization value of crystal 1 are shown in Figure 8 .
According to the crystal structure analysis of crystal 1, its molar mass and density were obtained as 
When diamagnetic corrections are made for the ligands and ions forming crystal 1, the value of its effective magnetic moment is 3.92 BM. This result, obtained by the vibrating sample magnetometer (VSM) method for effective magnetic moment value, shows that the theoretical value and other experimental values are in good agreement. According to the data obtained from these graphs, crystal 1 has a ferromagnetic material property in the experimental temperature range of 243-373 K. However, the value of the magnetic property of crystal 1 increases in accordance with the experimental and literature results as its temperature decreases. While the temperature of crystal 1 decreases in the low temperature region, crystal 1 passes to the other structural phase from a structural phase at a certain temperature. The graph of temperature dependence of the changes of the magnetization value of crystal 1 is also shown in Figure 9 . dT ratios in these graphs are minimum Curie temperatures, which cause phase transitions for crystal 1. These two Curie temperatures are different from each other, which indicates the presence of some impurities or crystal defects in the structure of crystal 1. The absence of hysteresis in the magnetization curve of crystal 1 and the fact that the magnitude of its magnetization value does not change much in the specified temperature range indicates that crystal 1 does not make a magnetic phase transition; it only makes a structural phase transition at this temperature range.
Conclusions
Our synthesis studies were carried out in aqueous media and at pH~5.5. The cobalt and cadmium ions reacted with CitH 3 in aqueous solution and afforded the [CoK 4 (µ 10 -
] n , which were isolated in crystalline forms and were characterized by X-ray single-crystal data analysis method. FT-IR, Raman spectral, and thermal analyses studies were also conducted. The two cobaltcitrate and cadmium-citrate complexes with zigzag chains were further connected into a 3D network by K The structures of crystals 1 and 2 were stable with temperature changes of up to 165 and 86°C, respectively, and were not disturbed. It has also been observed that the magnetization values of crystal 1 depend on the temperature and that the structural phase changes occur at temperatures T C,F C = 323 K and
Experimental
Materials and syntheses of the crystals [CoK
Acros Organics, 99%, anhydrous), and potassium hydroxide (KOH, Acros Organics, 85%) are chemicals representing commercially analytical reagents and are used without further purification. The following chemical treatments were carried out to produce the title compounds: first, 1 mmol of CitH 3 (0.192 g) was dissolved in distilled hot water (10 mL); afterwards, a solution of 1 mmol
or CdCl 2 · 2H 2 O (0.219 g)] in distilled hot water (5 mL) was added to the mixture. Then the pH value of the reaction medium was adjusted to 5.5 using appropriate amounts of KOH solution for each compound. The whole mixture was stirred in a magnetic stirrer for 1 day at a constant temperature of 70°C. Then the mixtures were filtered to remove impurities and allowed to crystallize at room temperature.
Crystals were formed in about 3 weeks as light pink for Co(II) (3.26 mg, 55% yield) and colorless crystals for Cd(II) (2.58 mg, 62% yield). Their chemical formulas were proved to be [CoK 4 (µ 10 - (2) , as determined by spectral analyses.
Instrumentation
Suitable crystals of 1 and 2 were selected for data collection, which was performed on a Bruker D8-QUEST diffractometer equipped with graphite-monochromatic Mo-K α radiation ( λ = 0.71073 Å) at 296 K. The structures were solved by direct methods using SHELXS-97 37 and refined by full-matrix least-squares methods on F 2 using SHELXL-2013. 38 All nonhydrogen atoms were refined with anisotropic parameters. The H atoms of water atoms were located in a difference map refined freely. The other H atoms were located from different maps and then treated as riding atoms with C-H distances of 0.96 Å and O-H distances of 0.82 Å. The crystal of 1 used for data collection was rather thin (0.08 mm) and not very good in quality. Therefore, the R1 value (0.097) was not as desired. In crystal 1, the high residual electron densities (maxima and minima) and potassium cation center separations are 0.02 and 0.47 Å. A number of procedures were implemented in our analysis, and the data were corrected for absorption effects using the multiscan method. The following procedures were implemented in our analysis: data collection: Bruker APEX2; 39 programs used for molecular graphics: MERCURY programs; 40 software used to prepare material for publication: WinGX.
41
The FT-IR spectra of crystals 1 and 2 were recorded at room temperature with a Bruker Optics Vertex as the calibrant. At the same time, the temperature dependence of the magnetization value of crystal 1 was investigated experimentally by the MicroSense EV9 VSM in a magnetic field of H = 1 kOe in a temperature range of 243-373 K and ∆T = 5 K temperature step.
Newly produced crystals 1 and 2 were examined for their amounts of metals (K, Co, and Cd) with a PerkinElmer Optima 4300 DV ICPOES and for C and H amounts with a CHNS-932 (LECO) elemental analyzer.
The results of experimentally obtained and theoretically calculated elemental analyses are given in Table 4 as a comparative example. 
